cell hyperpolarization increases [ Ca2+]i and venular microvessel permeability.
J. Appl. Physiol. 76(6): 22882297, 1994.-We tested the hypothesis that Ca2+ influx into endothelial cells forming the walls of intact venular microvessels was increased when the cell membranes were hyperpolarized.
Cytoplasmic free Ca2+ concentration ([Ca"'],) was measured after the endothelial cells forming the microvessel wall were loaded with fura 2, endothelial cell membrane potential was measured with the membrane potential dye bis-oxonol, and hydraulic conductivity (Q,) of the vessels was measured by the modified Landis technique to follow changes in microvessel permeability.
When microvessels were exposed to low-K+ (0.1 mM) Ringer solution, the membrane of the endothelial cells was hyperpolarized ~27 mV and [Ca2+]i increased from 47 nM to a peak value of 151 t 28 nM. Under the same experimental conditions, L, increased to a peak 6.3 times control. In the presence of ionomycin (5 PM), the initial peak [Ca2+]i measured with low-K+ Ringer solution was 347 ~fr 58 nM compared with 252 k 58 nM with ionophore and normal Ringer solution. The corresponding initial increases in L, were 28 times control and 10 times control, respectively. The results conform to the hypothesis that vasoactive substances that hyperpolarize the endothelial cell membrane may initiate and/or potentiate the inflammatory response in venular microvessels. cytoplasmic free calcium concentration; fura 2 measurement; single perfused microvessels; capillary permeability; calcium ionophore; ionomycin; conductive calcium pathways; membrane potential; capillary hydraulic conductivity THESE EXPERIMENTS were designed to test the hypothesis that the membrane potential of endothelial cells is a determinant of Ca2+ influx into these cells and thereby modulates intact venular microvessel permeability. We have demonstrated previously that high-K+ Ringer solutions, which were assumed to depolarize the endothelial cells, attenuated the initial increase in cytoplasmic Ca2+ concentration ([ Ca2+] i) in endothelial cells of microvessels exposed to Ca2+ ionophores (15). High-K+ Ringer solutions caused a corresponding reduction in the extent to which microvessel permeability increased after exposure to Ca2+ ionophores. We obtained similar results in microvessels in which permeability was increased by vascular perfusates that did not contain albumin (16). Because endothelial cell membrane depolarization decreased Ca2+ influx, we concluded that voltage-gated Ca2+ channels did not contribute significantly to Ca2+ flux into endothelial cells in the high-permeability state (10, 15) . In the absence of voltage-gated Ca2+ channels, we concluded that, in the endothelial cells of intact microvessels, the principal pathway for Ca2+ entry to increase microvessel permeability appeared to be a passive conductance pathway, with influx determined by the electrochemical driving force for Ca2+ entry (10, 15, 17).
These results showed that the mechanisms described in cultured endothelial cells whereby membrane depolarization decreased Ca2+ influx also played an important role to regulate permeability properties in venular microvessels (1, 5, 7-10, 29, 30, 32) .
In the present experiments we investigated the hypothesis that membrane potential (E,) modulates Ca2+ influx further with two protocols. First, we hyperpolarized the endothelial cells forming the walls of the microvessels by perfusing them with low-K+ Ringer solutions. We directly measured the change in E, of the endothelial cells in the microvessel wall by using the Q-sensitive dye bis-oxonol. Second, because our preliminary results (14, 19 ) and the experiments of Zhang and Huxley (35) indicated that perfusates containing low K+ (0.1-0.3 mM) increased permeability of individually perfused microvessels of frog mesentery, we measured changes in [Ca2+]i in the endothelial cells forming the walls of individually perfused microvessels after exposure to low-K+ perfusates. We also tested the idea that low-K+ solutions potentiate the increase in permeability in microvessels in which a high-permeability state had already been induced by exposure to Ca2+ ionophores.
These studies also provided further direct comparison between investigations on microvessels in intact microvascular beds and studies of Ca2+ mobilization in cultured aortic and venular endothelial cells. Vasoactive agents such as ATP and bradykinin hyperpolarized aortic endothelial cells in culture and increased Ca2+ influx (24, 28, 29, 31). It was not known whether mechanisms causing transient membrane hyperpolarization similar to those studied in aortic endothelial cells in vitro were responsible for the modulation of the permeability of intact venular microvessels (36).
To measure [Ca2+]i in the endothelial cells forming the walls of intact microvessels we loaded the cells with fura 2 in situ using the methods previously described in our laboratory (15,18). We measured hydraulic conductivity (L,) in single perfused microvessels to follow changes in microvessel permeability.
METHODS

Animal Preparation
All experiments were carried out on male frogs (Rana pipiens; 2.5-3.0 in.) supplied by J. M. Hazen. The brain of the frog was destroyed by pithing while the spinal cord was left intact. For L, measurements, the right side of the abdominal cavity of a supine frog was opened and the mesentery was spread over a short quartz pillar (11, 12). For [Ca2+]i measurements, the frog tray and the frog preparation were modified as previously described (18). Briefly, to accommodate the shorter working distance of the lens used for fluorescence intensity (I,> measurements (Leitz X25, numerical apperature 0.6), the quartz pillar on the frog tray was replaced by a thin stainless steel platform that was completely covered by a glass cover slip (25) showed that the cells containing the fura 2 were the same cells as were labeled with cationized ferritin perfused into the lumen of the labeled vessels. Electron microscopy also showed that the cells labeled with cationized ferritin were endothelial cells. These double-labeling experiments thus identified the cells loaded with fura 2 as endothelial cells. (1,257 pm2) measured by silver staining the junctional contacts between cells (2). If cells other than the endothelial cells had been loaded with fura 2 to the extent that they were detected by our techniques, the apparent vessel surface area per labeled cell would be expected to be much smaller than the actual area of endothelial cells. Thus the contribution of cells in the microvessel wall other than endothelial cells to the I, measurements in our experiments is small.
Measurement of Lp
All measurements were based on the modified Landis technique, which measures the volume flux of water across the microvessel wall immediately after occlusion of the vessel. The assumptions and limitations of the measurement have been evaluated in detail (11, 12). The initial transcapillary water flow per unit area of the capillary wall was measured at a series of pressures within each vessel. Microvessel L, was determined from the slope of the relationship between transcapillary water flow per unit area of capillary wall and pressure.
Measurement of E,
We used quantitative fluorescence microscopy to determine E, with the fluorescent Em-sensitive dye bisf 1,3diethylthio-barbituric acid)trimethine oxonol (bis-oxonol).
The excitation and emission wavelengths for bis-oxonol were selected using a Leitz N2 cube. The excitation wavelength was 545 t 15 nm.
The emission wavelength was 591 t 21 nm. The I, of the background was measured first when the microvessel was cannulated and perfused with normal Ringer solution containing 10 mg/ml bovine serum albumin. The same vessel was recannulated and perfused with test solutions containing 1 PM bis-oxonol (diluted from 1 mM stock in dimethyl sulfoxide such that the final concentration of solvent was 0.1%). I, was measured within a window placed over the same segment of the vessel. In these experiments, I, was a measure of fluorescence from bisoxonol dye in the vessel lumen, dye in the tissue surrounding the vessel, and dye that had partitioned into cell membranes. I, increased with membrane depolarization as more dye partitioned into the cell membrane and decreased with membrane hyperpolarization.
The reproducibility of the method required stable experimental conditions. Only when there were no significant changes in vessel diameter or in perfusate and superfusate flow rates were measurements of I, reproducible. To calibrate I, as a function of E,, microvessels were perfused and superfused with solutions having different Na+ content (isosmotically substituted by N-methylglucamine) when the perfusate also contained the Na+-K+ ionophore gramicidin (1 PM) and bis-oxonol (1 PM) (6,27). If we assume that there is no active transport of N-methylglucamine across the endothelial cell membrane and that gramicidin increases the permeability (P) of the endothelial cell membrane to Na+ (Na) and K+ (K) ions so that pNB = pK, E, was calculated from the Goldman equation as was taken as a reference intensity, and all other measurements on the same vessel were expressed relative to this value. The choice of reference condition was arbitrary, but this particular value was originally chosen because E, of -68 mV was used as a reference value in previous model calculations (15). Because we found that the resting E, in microvessels perfused with normal Ringer solution was less negative than -68 mV (see RESULTS), we needed a method to compare changes in E, in vessels where no gramicidin was used with changes in E, measured directly from the calibration curve constructed using gramicidin in the perfusate. To do this we simply measured I, with bis-oxonol in vessels exposed to normal Ringer solution before measuring I, at the calibrated value of -68 mV in six microvessels (see RESULTS).
To construct a calibration curve, I, from bis-oxonol was recorded as [Na+], was varied from 5 to 113 mM in the presence of gramicidin. Figure 1 shows measurements of I, plotted vs. E,. At least three measurements of I, at different [Na+], were made on each of nine vessels. I, is expressed relative to the intensity when [Na+], was 5 mM. Normalization was necessary to compare data from different vessels and took into account variation of the absolute value of I, due to changes in dye concentration and differences in the amount of dye within the measuring window due to vessel geometry. We used the linear relationship in Fig. 1 to estimate E, in vessels perfused with normal Ringer solution and in vessels perfused with high-and low-K+ Ringer solutions.
Estimation of Ca2+ Influx as E, is Increased or Decreased
The simplest description of the Ca2' flux (J,,) through a conductive pathway for Ca2+ is given by the Goldman-Hodgkin-Katz current equation
where PC, is the permeability of channels to Ca2+ and [Ca"'], is the external Ca2+ concentration.
A detailed discussion of the application of this relationship to estimate changes in Ca2+ influx with changes in E, under the conditions of our experiment is given elsewhere (10,E). When E, is more negative than -40 mV, Eq. 2 is approximately equal to
Thus Jca into the endothelial cell was directly proportional to the product of E, and P,, of the endothelial cells when E, was more negative than -40 mV.
Solutions
Frog Ringer solution and Ringer-albumin perfusates. Frog Ringer solution, prepared as described for all previous experiments (11, 18) , was used as the bathing solution for the dissection of the mesentery, for superfusion of the tissue, and for preparation of the perfusion solutions. The composition of the frog Ringer solution (in mM) was 111 NaCl, 2.4 KCl, 1.0 MgC12, 1.1 CaCl,, 0.195 NaHCO,, 5.5 glucose, 5.0 N-2-hydroyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), and 5.0 Na-HEPES. The low-K+ Ringer solution was prepared by reducing KC1 concentration from 2.4 to 0.1 mM and increasing NaCl concentration by 2.3 mM to maintain the same osmolarity. The Ringer-albumin perfusates were prepared by adding 10 mg/ml of bovine serum albumin to frog Ringer solution and were used for the control and test perfusion and for preparation of test solutions containing ionomycin or ouabain. The Ca2+-free solution and Ca2+-free low-K+ solution were prepared using the same recipes as for standard frog Ringer solution or low-K+ Ringer solution but without adding Ca2+. The Ca2+ concentration of each solution was measured with a Ca2+ electrode (F2112 Ca, Radiometer).
The calibration standards (pCa = l-8) were purchased from World Precision Instruments. Ca2+ in each test solution was titrated with 10 mM ethylene glycol- 
RESULTS
Measurement of E,
In six of the nine microvessels used to generate the calibration curve (see METHODS and Fig. 1 ), we also measured I, of bis-oxonol when the vessels were perfused with normal Ringer solution. The mean I, with normal Ringer compared with the reference intensity (measured with solutions containing 5 mM [Na+]J was 1.1 t 0.03, which corresponded to E, of -44 t 6 mV. The range of E, estimated from individual vessels was -29 to -61 mV. As explained in METHODS, we simplified the protocol to measure changes in E, with modified Ringer solutions (high K+ or low K+) by using I, values measured with normal Ringer as the reference intensity instead of the value measured in the presence of gramicidin and 5 mM [Na+lO. The ratio of I, values measured in this way was then multiplied by the value measured above, 1.1, to obtain the relative fluorescence used to estimate E, from the calibration curve ( Fig. 1; see METHODS) . This procedure avoided the necessity of perfusing each microvessel with gramicidin to obtain a reference I, value. The approach could introduce an error in the absolute values of E, if the E, measured in the presence of normal Ringer differed significantly from -44 mV. However, it should provide accurate estimates of the magnitude of the change in E, in all cases. Figure 2 (1st 2 panels) shows an experiment in which the changes in relative I, in a microvessel exposed to low (0. min. This result indicated that the membrane was hyperpolarized by an average of 27 mV after exposure to low-K+ Ringer solutions (from a mean value of -44 mV to -71 mV). One assumption made in the calculation of E, was that [K'3, in frog endothelial cells was 100 mM. To check this assumption, we also measured I, of bis-oxonol when the microvessels were exposed to Ringer solutions containing 100 mM [K+] ,. The changes in I, from one of the experiments are shown in Fig. 2 (3rd and 4th panels) . In four microvessels the measured mean fluorescence ratio was 1.35 t 0.03, which corresponded to E, of +4 mV. This value is close to the value of 0 mV expected in an amphibian endothelial cell when the transcellular membrane concentration difference for K+ was abolished. This provides a useful check of the assumption that [K+]i in the endothelial cells was close to 100 mM under the conditions of our experiments.
Measurement of [Ca'+]i in Vessels Exposed to Low-K+ Ringer Solutions
Hyperpolarization is expected to increase Jca into endothelial cells via a conductive ion pathway. Figure 3A shows the time course of changes in [Ca'+]i in microvessels exposed to low-K+ solutions. The mean value of [Ca2+]i in six vessels perfused with normal Ringer solution was 47 t 6 nM. When the vessels were exposed to low-K+ solutions, [Ca2+]i increased transiently to a peak within l-2 min. The mean value at the peak for the six vessels was 151 t 28 nM. [Ca2+]; then returned rapidly toward control levels. Values were significantly greater than control values at the peak and for up to 2.7 min after exposure to low K+. The magnitude of [Ca2+]i after 4 min (60 t 7 nM) did not differ significantly from control values.
To investigate processes other than Ca2+ influx that increase [Ca2+]i after exposure to low-K+ solutions, we measured the effect of removing extracellular Ca2+ on the magnitude of the initial change in [Ca2+]i. Figure 3A also shows the mean time course for 10 vessels.
[Ca2+]i increased from a value of 59 k 6 nM to a peak value of 100 t 11 nM in <1 min. This value was significantly different from the control value. After 2 min, [Ca2+]i fell back to a value of 71 t 8 nM. Values measured after 2 min were not significantly different from the control value.
Taken together, the measurements of [Ca2+]i in vessels exposed to low-K+ Ringer solution show that exposure of microvessels to low-K+ The increase in L, after exposure to 0.1 mM K+ Ringer alone was largely dependent on Ca2+ influx as there was only a small increase in L, (peak value of ratio of free Ca2+ in low K+ to control L was 1.5 t 0.3) when the vessels were exposed to Ca 2+-!ree low-K+ Ringer solution (n = 6). The t ime posed to Ca2+-course of changes in Lp in vessels exfree low-K+ solutions is also shown in Fig. 3B .
Measurement of [Ca2+]; in Vessels Exposed to Low-K+ Ringer Solutions and Ionomycin
To test whether hyperpolarization potentiated the Ca2+ influx after the endothelial cell membrane PC, was increased, eight vessels were exposed to ionomycin and 0.1 mM K+ Ringer solutions. (close to the initial control value) to a peak value of 252 t 58 nM. This was significantly less than the mean peak value measured in the same vessels with low-K+ Ringer solutions but similar to the mean value of 249 t 7 nM (n = 18) from our previous two studies (15, 18). To estimate the contribution of Ca2+ influx to the change in [Ca2+]i in the presence of ionomycin, the effect of removing extracellular Ca2+ on changes in [Ca2+]i after exposure to ionophore in low-K+ solutions was studied. Figure 5A shows a comparison of the time course of changes in [Ca2+]i when vessels were exposed to ionomytin with Ca2+ present and absent. In five microvessels, [Ca2+]i increased from a value of 59 t 6 nM to a peak value of 121 t 13 nM within 1.5 min after exposure to low-K+ Ca2+-free Ringer solution containing ionomycin. After 4 min, [Ca2+]i fell back to a value <lOO nM. The peak value of [Ca2+]i in the presence of ionomycin and Ca2+-free Ringer solution was close to one-third of the value of 347 nM measured when Ca2+ was in the bathing cA2+ ENTRY AND PERMEABILITY 2293 solutions. This suggests that most of the initial increase in [Ca2+]i is due to Ca2+ influx. Nevertheless, there may be a small contribution due to Ca2+ release from the intracellular stores. Specifically, of a total initial increase in [Ca2+]i from 59 to 347 nM after exposure to low-K+ Ringer and ionomycin, a minimum increase of 60 nM (-20%) may be independent of Ca2+ influx and 80% due to Ca2+ influx .
Measurement of LP in Microvessels Exposed to Low-K+ Ringer Solutions and Ionomycin
We tested the hypothesis that increased levels of [Ca2+]i after exposure to low-K+ solution would potentiate the increase in permeability after microvessels were exposed to ionomycin. The time course of L, change is shown in Fig. 5B . Seven microvessels were exposed to low-K+ Ringer solution, and the perfusate contained ionomycin (5 PM). The control L, was 2.6 t 0.7 X 10m7 cm l s-l l cmH,O? There was a large biphasic increase in L,, which reached a peak l-3 min after exposure to ionomycin. The mean value of the peak L, was 55.8 t 11.2 X 10B7 cm. s-l. cmH,O-', and the mean value of individual ratios of peak to control L, was 28.0 t 8.7. L, fell back toward control, being 5.3 t 1.2 times control values after 5 min, and remained at a sustained level of 2.3 t 0.6 times control after 8 min. All mean values for L, were significantly greater than the control value. The fractional increase in the initial peak L, after exposure to Ca2+ ionophore and 0.1 mM K+ Ringer solution was more than two times larger than the increase (-10 times control) measured in two previous studies where the vessels were exposed to normal Ringer solution and ionomycin. The removal of Ca2+ from the external solutions greatly attenuated the response. The peak of the LP increase occurred <l min after exposure to low-K+ Ringer solutions, and L, returned to control values by 2 min. The mean value of individual ratios of peak value for L, relative to control was 4.9 t 1.2. The values of LP were significantly greater than control only within the 1st min of the transient (P < 0.05). These data are shown in Fig. 5B . We note that the peak increase in L, @g-fold) under these experimental conditions was larger than that when the vessels were exposed to low-K+ Ca2+-free solution in the absence of ionomycin (cf. Fig. 3B) . Furthermore, the area under the curve of [Ca2+]i vs. time for the period of O-3 min was 34% larger when ionophore was present. This may reflect differences in the way low-K+ solutions and ionophore release Ca2+ from internal stores. Overall these results indicate that, when compared with Ca2+ influx, Ca2+ release from internal stores makes only a small direct contribution to modulate the magnitude and extent of permeability changes.
Effect of Ouabain on Ca2+ Transients
To test the idea that low-K+ solutions inhibit the Na+-K+-ATPase, leading to endothelial cell Na+ loading and Ca2+ influx via Na+-Ca2+ exchange (4), we used ouabain to specifically inhibit the Na+-K+ pump and measured the change of [Ca2+]i. In six microvessels, the control [Ca"'], was 46 t 6 nM. After exposure to ouabain (100 PM in 2 vessels and 500 PM in 4 vessels) for 15-20 min there was no significant change in resting [Ca2+]i (49 t 5 nM). The microvessels were then exposed to ionomycin (5 PM) in normal bathing solutions with ouabain present. The mean value of [Ca2+]i at the peak was 152 t 10 nM, which is significantly smaller than the mean value at the peak in microvessels exposed to low-K+ Ringer solution and ionomycin. Thus inhibition of Na+-K+-ATPase did not increase Ca2+ influx over the time period of the present experiments. In fact, the observed decrease in the magnitude of peak Ca2+ concentration is the result expected if inhibition of the pump depolarized the endothelial cell membrane (13) and reduced the electrochemical driving force for Ca2+ entry into the cells (22). This is also confirmed by our preliminary study of E, measurements with bis-oxonol (data not shown).
DISCUSSION
Our experiments demonstrate directly that hyperpolarization of the endothelial cell membrane increased microvessel permeability by raising [Ca2+]i. In vessels exposed to low-K+ Ringer solutions, the net increase in [ Ca2+]i was -100 nM, of which at least one-half the increase in [Ca2+]i was attributed to Ca2+ influx. These observations were to be expected if low-K+ solutions hyperpolarized the endothelial cell membrane and thereby increased the driving force for Ca2+ entry into the cells. The results therefore conform to the hypothesis that the endothelial cell E, may be an important modulator of Ca2+ influx and microvessel permeability. First, we evaluate the measurements of E,. Then we discuss the relative importance of changes in E, and endothelial ccl membrane PC, as regulators of Ca2+-dependent pro cesses to modul .ate venular microv .essel permeability.
Measurement of E,
Our method to measure E, of the endothelial cell S forming the walls of individually perfused microvessels extends the established methods based on the partitioning of bis-oxonol between the bathing solution and the cell membranes (27) . These values are the first measurements of resting E, in the endothelial cells of intact venular microvessels. The measured I, of bis-oxonol in the perfused microvessel is the sum of the bis-oxonol fluorescence from the vessel lumen, tissue surrounding the vessel, and dye that has partitioned into the endothelial cell membrane. The magnitude of the component associated with endothelial cell membrane depends on the cell E,. We found that we had to apply stringent criteria for these experiments to be successful. These included maintenance of constant vessel diameter, absence of increased dye leakage into the tissue during the experiment, and maintenance of constant perfusion pressure, perfusate flow, and superfusate flow. Under these conditions, we were able to measure the changes in I, that truly reflected changes in E, as set by our calibration procedure. Variation in microvessel diameter or microvessel wall permeability to bis-oxonol that changed the amount of free bisoxonol by processes other than a change in E, compromises the method. For example, we obtained no reliable measurements of E, in vessels exposed to Ca2+ ionophores because exposure to ionomycin caused leakage of 2294 CA2+ ENTRY AND PERMEABILITY the dye out of the microvessel lumen. Some of the problems may be overcome with ratiometric dyes for E, that are less dependent of the absolute amount of dye in the tissue (20) .
Our observation that increasing [K+] , from a normal value of 2.4 mM to 100 mM depolarized the endothelial cell in frog venular microvessels from -44 to -0 mV was consistent with a wide range of studies in mammalian aortic and venular endothelial cells in culture. These studies have shown that pK is the principal determinant of E, in resting endothelial cells. The measured value of the resting E, in frog vessels at 2O"C, -44 t 6 mV, was consistent with an 8:1 ratio for Pk/& of the endothelial cell membrane in vessels perfused with normal frog Ringer solution (the calculation is based on the Goldman equation, see Refs. 10, 15 for details). An important result is that the magnitude of the membrane hyperpolarization measured when the vessels were exposed to low-K+ solutions was larger than expected if &I& was -8. We would expect a hyperpolarization of only 5-6 mV in this case. The hyperpolarization of 27 mV measured with bis-oxonol can be accounted for only if additional K+ channels opened in the presence of low-K+ solutions such that &I&, increased to 25 (a 3fold increase in pK relative to P,,). This result would be accounted for if 1) there was an initial small hyperpolarization of 5-6 .mV or 2) the release of Ca2+ from internal stores increased 
Role of Nonconductive Channels in Regulating Ca2+ Influx
Before discussing the role of E, as a regulator of Ca2+ influx and microvessel permeability, we briefly evaluate alternative mechanisms. It might be argued that a low [K+], might inhibit the Na+ pump, leading to Na+ accumulation in the endothelial cells. In tissues such as heart and nerve, increased intracellular Na+ accumulation reduces Ca2+ efflux via the Na+-Ca2+ exchanger, resulting in Ca2+ accumulation in the cells (4). Our results using ouabain to inhibit the Na+-K+-ATPase suggest that this mechanism does not contribute to Ca2+ accumulation in endothelial cells under the conditions of our experiments. The Ca2+ transient caused by ionomycin after pretreatment of the endothelial cells with ouabain was actually smaller than that measured in the absence of ouabain. The effect of ouabain can be explained if the endothelial cell membrane is slightly depolarized by -10 mV by inhibiting the Na+ pump (13, 22). We note that exposure of endothelial cells to ouabain did not modify L, in intact microvessels (35), a result consistent with our observations.
E, as a Regulator of Ca2+ Influx
We consider three cases: 1) hyperpolarization alone, without a change in PC, in cell membrane; 2) exposure to ionomycin, which increases Pc, of the endothelial cell membrane and secondarily may hyperpolarize the endothelial cells; and 3) additional hyperpolarization after the PCs of the endothelial cell membrane has been increased. We consider case 1 first. When vessels were perfused with low-K+ solutions (no ionomycin), the membrane was hyperpolarized from -44 mV to -71 mV and [Ca2+]i increased by -100 nM at the peak of the response (mean peak value 151 nM and control value 47 nM). Of this 100-nM peak increase, 60 nM could be attributed to Ca2+ influx, whereas 40 nM was not dependent on external Ca2+ and probably was the result of Ca2+ release from internal Ca2+ stores. The relatively small increase in Ca2+ influx in this case may be accounted for by a change in the electrochemical driving force for Ca2+ diffusion through conductive pathways for Ca2+ in the cell membrane (7), assuming no change in control permeability of the endothelial cell membrane to Ca2+.
The Ca2+ influx was larger in cells exposed to ionomytin (case 2). As shown in Fig. 4, [Ca2+] i increased by -180 nM (control value 69 nM, initial peak value 252 nM). Most of this increase was attributed to Ca2+ influx as a maximum of only 20 nM was independent of external Ca2+ with normal K+ Ringer in the bathing solution (15). We have previously attributed most of this increased Ca2+ influx to an increase in PC, of the endothelial cell membrane (14). However, measurements of E, in cultured endothelial cells and endothelial cells from coronary artery strips showed that the membrane was hyperpolarized by 20-30 mV after exposure to Ca2+ ionophores (29,33). The magnitude of hyperpolarization after exposure to ionomycin reported above was therefore similar to the value measured with bis-oxonol in single perfused microvessel after exposure to low-K+ Ringer solution (27 mV). Thus with no change in the control state of PC, of endothelial cells, hyperpolarization alone would account for 60 nM of the total increase of 160 nM (180 -20 nM) due to Ca2+ influx. When PC, also increases, Eq. 3 shows that it is the product of E, and membrane permeability that determines the increase in Ca2+ influx. The calculations summarized in the APPENDIX show that the 160-nM increase in Ca2+ influx can be accounted for by a 1.6-fold increase in PC, in addition to a membrane hyperpolarization of 27 mV. Thus the contributions of increased PC, (1.6-fold) and increased driving force for Ca2+ entry (27 mV, or a 1.6-fold change in E,) are similar for case 2. We note that the mechanism whereby Ca2+ ionophores may cause hyperpolarization involves activacA2+ ENTRY AND PERMEABILITY 2295 tion of Ca2+-dependent K+ channels in the endothelial cell membrane as discussed above.
In case 3, we further tested the idea that in the presence of ionomycin the endothelial cell membrane can be further hyperpolarized by lowering [K+] ,. When vessels were hyperpolarized with low-K+ solutions in the presence of ionomycin, the net peak increase in [Ca2+]i was close to 290 nM (control value 59 nM, initial peak value 347 nM), with 60 nM attributable to Ca2+ release from the internal stores and 230 nM due to Jca (Fig. 5A) . If we assume that, in the presence of ionomycin and low-K+ solutions, Pc, of the cell membrane stayed the same as that with ionomycin alone, then we can attribute the increase in Ca2+ influx to membrane hyperpolarization. This approach indicated that the membrane was hyperpolarized to a value of 1.27 times more negative than the E, estimated with ionomycin alone (see Eq. A14). Thus the total increase in driving force needed to account for the measured Ca2+ influx was the 1.6-fold described for case 2 above multiplied by the additional 1.27fold giving a total of 2.0-fold. Therefore, the membrane may hyperpolarize to values close to -90 mV (see Eq. Al 5) at the peak of the Ca2+ influx in our experiments with low K+ and ionomycin. These calculations show that, although we were able to directly measure membrane hyperpolarization only in the experiments corresponding to case 1, we can use a reasonable set of simple assumptions to derive a plausible account of the changes in E, and Pc, of the cell membrane under conditions where direct measurements were not possible.
It is of interest to note that membrane hyperpolarization may be part of the mechanisms to regulate Ca2+ influx in cells that do not have voltage-gated Ca2+ channels. It has been suggested that, in the absence of voltage-gated Ca2+ channels, the tendency of Ca2+-dependent K+ channels to maintain the E, in a hyperpolarized state will act to offset a reduction in the net driving force for Ca2+ entry caused as Ca2+ and possibly Na+ enter the cell during the early phase of the transient (26). Our result are consistent with these ideas.
The results summarized above are in accord with measurements made on endothelial cells in culture. We have already referred to experiments where exposure of aortic endothelial cell to ionomycin results in a large transient Ca2+ influx and a membrane hyperpolarization (31). Very similar results were found in endothelial cells exposed to bradykinin.
Mehrke, Daut, and co-workers have described transient hyperpolarizations up to 33 mV after exposure to ATP, bradykinin (24), and histamine (13). The hyperpolarization can be blocked by agents that antagonize Ca2+ -activated K+ channels (8, 33). permeability response, as the magnitude of the peak value for [Ca2+]i also increased, may be interpreted in terms of a strong Ca2+ dependence for one or more of the enzymes regulating endothelial cell shape and increased permeability. These results provide a bridge between studies on the role of Ca2+ in the regulation of permeability in cultured endothelial cells and the regulation of microvessel permeability in intact microvascular beds. Wysolmerski and Lagunoff (34) have investigated the regulation of endothelial cell retraction in chemically skinned pulmonary artery endothelial cells and the associated phosphorylation of myosin light chains. Those models have also been used to study vascular smooth muscle cells (3) . Retraction of adjacent endothelial cells was associated with the thiophosphorylation of the 19-kDa myosin light chains. Both retraction and thiophosphorylation were dependent on ATP and exhibited a graded dependence on [Ca2+]i. The results in Fig. 6 are consistent with a similar mechanism operating to regulate permeability in 
where Pc, = P,,(zFIRT). We now define the initial Ca2' influx into the endothelial cells for each of the experimental conditions: control state Now we substitute measured parameters into the above relationships to solve for unknown values of permeability and E,. The measured parameters are Em,ontrol = -44 mV and E,Lk = 
